to be the most efficient fuel in terms of the highest energy/ mass ratio among hydrocarbon fuels. Also, hydrogen fuel cells are environmental friendly since they do not emit CO 2 into atmosphere. Catalysts with different types of both active components and supports were studied in ESR reaction. [17] [18] [19] [20] were also studied. Such studies aim at replacing currently used noble and rare-earth metals containing catalysts by the cheaper and accessible ones. All the works mentioned note that at contact time ~ 0.1 s spinels provide 100% ethanol conversion at temperatures exceeding 600°C. In the present paper mixed spinel-type oxides Co mixed oxides were prepared by the thermal decomposition of mixed nitrate salts by the following route: 1) heating from room temperature to 120°C in 1 hour, 2) annealing at 120°C for 1 hour, 3) heating from 120°C to 320°C in 1 hour, 4) annealing at 320°C for 1 hour, 5) heating from 320°C to 720°C in 2 hours, and 6) annealing at 720°C for 1 hour. 
Introduction
Ethanol steam reforming (ESR) process is now of a great interest for hydrogen production. Hydrogen is considered were used for synthesis, the purity of all reagents was not lower than 99 at.%. The samples prepared were fine black powders.
Characterization
The crystalline structure of the samples (both as-prepared and after temperature-programmed reduction by ethanol) was studied by X-ray diffraction (DRON-3 diffractometer, CuKα or CoKα radiation). Surface area measurements were performed by using BET method with N 2 adsorption (Chemisorb 2750, Micromeritics). XAS measurements were performed at the Russian-German beamline [21] operated at the electron storage ring HZB/BESSY II (Berlin, Germany). The samples for measurement (both catalysts powders and reference compounds) were prepared by rubbing onto the scratched clean surface of copper plates of size 5 × 5 mm 2 . The samples were placed at an angle of ~45° with respect to the incident beam of monochromatic radiation.
The NEXAFS (Near-Edge X-ray Absorption Fine Structure) spectra were obtained by recording the total electron yield (TEY) of the X-ray photoemission in the mode of drain current measurement from the sample by varying the energy of incident photons. The monochromator energy resolutions in the range of the Ni 2p absorption edge (photon energy hν ~ 850 eV), the Co 2p absorption edge (hν ~770 eV) and the Mn 2p absorption edge (hν ~ 640 eV) were equal to 280 meV, 250 meV and 170 meV, respectively. The X-ray absorption spectra were normalized with respect to the incident photon flux, which was monitored by recording the TEY from the clean surface of a gold mesh mounted on the manipulator holder. The hν in the range of the fine structure of the transition metal X-ray absorption spectra was calibrated against the energy positions of the first narrow peak in the F 1s X-ray absorption spectrum of K 2 TiF 6 (683.9 eV) [22] .
Several samples of each type were prepared, the spectra recorded several times from different points of each sample showed a good reproducibility. Sample charging effects were not observed during the absorption measurements. All X-ray absorption spectra were measured under a ultrahigh vacuum of 2 × 10 −10 mbar in the analytic chamber.
Oxygen isotope exchange
After reaching equilibration at 700°C with the 1% 16 O 2 + Ar flow in the reactor (quartz tube, ID = 3 mm, L = 120 mm), the gas mixture was switched to the one containing 18 O 2 . Both the gas flow rate (50 ml/min) and catalyst loading (0.03 g) were kept constant in all the experiments. 
Ethanol steam reforming
Catalysts were studied in three different reactions: reduction by ethanol, reoxidation by water in the temperature-programmed modes and ESR in the steadystate conditions. Both temperature-programmed and steady-state experiments were carried out in a flow quartz reactor (contact time 36 ms) using a kinetic installation with on-line analysis of the exit stream by IR absorbance, electrochemical and polarographic gas sensors for different components [23] . Samples (m = 0.3 g) were pre-treated in oxygen at 500°C, after that cooled in He flow and reduced by 1% Reduced samples were reoxidized by water (1% H 2 O in He, flow rate 10 l/h) using the same temperature program as in the ethanol TPR-mode. Reoxidized samples were then studied in ESR reaction with reaction feed containing 0.5% C 2 H 5 OH + 2% H 2 O in He flow (flow rate 20 l/h). Samples were heated up to 800°C and kept at this temperature until the steady-state performance in the reaction mixture had been reached. Then the temperature was decreased by 50-100°C steps by keeping sample at each temperature until a stationary conversion had been achieved.
Results and discussion

XRD study
BET surface area of samples was found to be relatively small (3-8 m 2 /g). Figure 1a and 1b shows XRD patterns of as-prepared and reduced Co 1 [16] ) are stable in the reaction conditions of ethanol steam reforming. Other spinels containing transition metals (Fe, Co, Ni, Cu) are usually reduced into the mixture of metals and oxides [14] [15] [16] . Metallic Mn is not observed in Mn-containing spinels, since Mn oxides can be reduced only to MnO in such conditions.
X-ray absorption spectroscopy
The common spinel AB 2 O 4 has two types of cation sites A and B: with tetrahedral and octahedral coordination by oxygen,respectively. If the tetrahedral sites are occupied only by A-type cations the spinel structure is referred to as a normal one, and if the tetrahedral sites are occupied only by B-type cations the spinel structure is inverted one. Of course, there are many spinels with mixed (both A and B types) filling of tetrahedral sites, they are called partially inverted.
To interpret XAS spectra some reference samples with known structure were studied. Co 3 All spectra of Co-and Mn-containing samples are presented in Figure 2 . The main absorption structures A and B in the Co 2p 3/2 ( Figure 2A) mixture is much smaller than in the inlet suggesting quite intense isotopic heteroexchange and much higher amount combination of the reference spectra. The results of the revealed cation distribution are presented in Table 1 . Figure 3a . In the case of the Co 3 O 4 sample the atomic fraction of 18 O registered at the reactor outlet reaches the value corresponding to the isotope fraction at the reactor inlet almost immediately. So in this case the amount of oxygen of oxide involved into the isotopic heteroexchange with gaseous oxygen is small due to a low rate of oxygen diffusion in the bulk of particles [28] . For mixed oxides the fraction of 18 O in the outlet The amount of oxygen which can be exchanged in Co 3 O 4 agrees with earlier obtained estimations of the weakly bound oxygen species removed from this oxide by temperature-programmed desorption [25] . It is explained by the oxidation of the oxide surface layers under contact with air up to Co 2 O 3 stoichiometry, while the bulk of particles may remain Co 3 O 4 composition with a low oxygen mobility.
Based on the numerical analysis of isotope exchange data, the oxygen diffusion coefficients in the bulk of samples were estimated. The kinetics of isotope exchange between the gas-phase oxygen and the oxide oxygen is described by the following equations:
α , bulk α -molar fractions of 18 О isotope in the gas phase, on the sample surface and in the sample bulk, respectively; R -exchange rate; τ -contact time (s); b -the ratio of the surface active centers (N S ) to the number of oxygen atoms in the sample bulk (N bulk ): b= N s /N bulk ; h -characteristic size of sample particles; ξ -dimensionless length of reactor; η -dimensionless depth of the oxygen layer in oxide particles.
The calculated diffusion coefficients obtained by fitting the calculated dependency g α (t) to the experimental data are given in Table 2 . The change of the lattice oxygen mobility can be explained by taking variation of the samples structure into account. sample. This is consistent with the literature data, which confirm that catalysts containing both Ni and Co are more active and provide a higher hydrogen yield than only Cocontaining catalysts [29, 30] . Ratios of the integral amount of oxygen and hydrogen atoms in products of TPR are 1.2:6, и 1.3:6 for Co 1.8 At the same time, the ratios of carbon and hydrogen atoms in products (about 0.6:3 in both cases) are lower than in the molecule of ethanol (1:3). It means that carbon and/or carbon-containing compounds were deposited on the samples surface. During subsequent temperatureprogrammed reoxidation by water, carbon deposits were oxidized by water forming carbon oxides and hydrogen as products ( Figure 5 ), while surface reoxidation occurs simultaneously. This reoxidation of the catalyst is also confirmed by the balance ratio of hydrogen and carbon oxides evolved during reaction.
Catalytic tests
Oxidation by water occurs more actively for Ni 0.6 Co 1.2 Mn 1.2 O 4 sample, correlating with a higher rate of EtOH TPR. This sample also shows a higher activity in stationary conditions of ethanol steam reforming at lower temperatures ( Figure 6 ). Hence, this study demonstrates correlation between the oxygen mobility of spinel samples, their redox properties and activity in the ESR reaction, which is determined by the spinel chemical composition and cations distribution. 
Conclusions
